Background: Previous studies have reported the relationship between thyroid hormone levels and mortality in dialysis patients. However, little is known about the association of free thyroxine (fT4) and mortality in patients on peritoneal dialysis (PD). This study investigated the association between basal and annual variation in fT4 level and mortality in PD patients. Methods: Patients on maintenance PD were enrolled from a prospective multicenter cohort study in Korea; their serum triiodothyronine, fT4, and thyroidstimulating hormone levels were measured 12 months apart. Patients with overt thyroid disease and those receiving thyroid hormone replacement therapy were excluded from the analysis. Patients were divided into two groups based on the median levels of fT4. The differences of all-cause, infection-related, and cardiovascular mortalities were analyzed between the two groups. The association of basal levels and annual variation with mortality was investigated with Kaplan-Meier curves and Cox proportional hazard models.
Introduction
End-stage renal disease (ESRD) is a frequent cause of altered thyroid hormone levels in the absence of underlying intrinsic thyroid disorder. A variety of alterations in thyroid hormone levels and/or metabolism has been described in patients with ESRD, ranging from low total and free triiodothyronine (T3) and thyroxine (T4) levels to subclinical and clinical hypothyroidism [1] . Several studies suggested that as many as 70% of patients with ESRD presented with low T3 levels and as many as 20-25% had subclinical hypothyroidism [2, 3] . These alterations reflects iodine retention, diminished conversion of T4 to T3 in the periphery, reduced serum protein-binding capacity [1] , and metabolic acidosis [4] in patients with ESRD. These derangements have long been considered an innocent metabolic adaptation to a chronic condition that causes energy and protein wasting [5] . However, recent reports about dialysis patients have suggested that low T3 levels and subclinical hypothyroidism are associated with higher cardiovascular and all-cause mortality [5] [6] [7] [8] .
Although free thyroxine (fT4) level is regarded an important determination of thyroid status, little is known about its association with mortality in dialysis patients. Some studies have revealed that low T4 levels were associated with higher mortality rates in nonrenal patients with nonthyroidal illness [9, 10] and in hemodialysis (HD) patients [6] . However, the impact of fT4 as a mortality factor in euthyroid patients on peritoneal dialysis (PD) has not been clearly defined. Moreover, it is not known whether fT4 level fluctuation over time affects mortality hazards in PD patients. This study investigated the association between basal and annual variation of fT4 levels and mortality in PD patients. groups dichotomized based on the median levels of baseline fT4 and on annual variations of fT4 level. To analyze annual fT4 level variations, we classified patients according to their variation along the median distribution at baseline and 12-month follow-up and labeled individuals in either a ''persistently high'' group or a ''persistently low'' group. All-cause, infection-related, and cardiovascular mortalities were compared between the two groups.
Statistical analysis
All data were expressed as medians with ranges or mean ¡ SD. Differences between groups were tested by independent sample t-tests and chi-squared tests as appropriate. Survival rate during follow-up was analyzed by the Kaplan-Meier method, and hazard ratios (HRs) were calculated with Cox proportional hazard models with different degrees of adjustment. Age, sex, comorbidities, serum hemoglobin, serum albumin, low-density lipoprotein, serum C-reactive protein, blood pressure, peritonitis rate, estimated glomerular filtration rate (eGFR) at baseline, weekly KT/V, PD modality, and use of vitamin D were considered possible confounders. The ability of fT4 to predict mortality was analyzed further with receiver operating characteristic (ROC) curves. The statistical analysis was performed using SAS system for Windows, version 9.2 (SAS Institute Inc., Cary, NC) and R (R Foundation for Statistical Computing, Vienna, Austria; www.r-project.org). P values ,0.05 were considered statistically significant.
Results

Patient characteristics and thyroid function test
The patients' main demographic, clinical, and biochemical characteristics are detailed in Table 1 . The mean age of the subjects was 51.4 years, and 56.2% were men. Diabetes was the most common cause of ESRD (38.2%), followed by glomerulonephritis (33.8%) and hypertension (21.1%). Twenty-four patients (11.8%) had the comorbidity of cerebrovascular disease, 23 patients (11.3%) had congestive heart failure, and 21 patients (10.3%) had coronary artery disease.
In all patients, the baseline levels of T3 (reference range: 0.6-1.9 nmol/L) and TSH (reference range: 0.3-4.0 mIU/L) were 0.87¡0.30 nmol/L and 3.10¡2.24 mIU/L, respectively. Baseline level of fT4 (reference range: 0.8-1.8 nmol/L) was 1.16¡0.26 nmol/L. Among the enrolled patients, 192 (81.7%) were euthyroid, 38 (16.2%) had subclinical hypothyroidism, and 5 (2.1%) had subclinical hyperthyroidism.
When patients were divided into the two groups on the basis of median fT4 concentrations (1.1 ng/mL), there were no significant differences in comorbidity, dialysis duration, body mass index, peritonitis rate, PD modality, or use of vitamin D between the two groups. In addition, serum hemoglobin, serum albumin, serum C-reactive protein, ferritin, lipid profiles, eGFR at baseline, and weekly KT/V were not different between the groups. However, patients with relatively lower fT4 levels were more often women, nonsmokers, and those with increased low-density lipoprotein levels ( Table 1) .
Basal fT4 level and its association with mortality
Among the 235 PD patients, 31 (13.2%) deaths occurred during the mean followup period of 24 months. Infection (38.7%) was the most common cause of death, followed by cardiovascular disease (19.4%) ( Table 2 ).
In a Kaplan-Meier analysis, lower fT4 levels were associated with death (P50.02), but neither T3 nor TSH were associated with death (P50.15 and P50.39, respectively) ( Figure 1 ). As shown in Table 3 , the crude HR of all-cause mortality was 2.35 (95% confidence interval [CI], 1.16-4.78) in patients with lower fT4 levels (P50.02). After adjusting for confounders (age, sex, diabetes, systolic pressure, diastolic pressure, hemoglobin, albumin, C-reactive protein, low-density lipoprotein, peritonitis rate, eGFR at baseline, weekly KT/V, PD Table 2 . Cause of death in the study cohort. Free Thyroxine Level and Mortality in PD modality, and use of vitamin D), the adjusted HR of all-cause mortality was 2.74 (95% CI, 1.27-5.90) in patients with lower fT4 levels (P50.01).
Causes of death n (%)
The differences in infection-related and cardiovascular mortalities between the two groups were also analyzed. In a Kaplan-Meier analysis, lower fT4 levels were associated with infection-related deaths (P50.02) (Figure 2 Table 3) .
A similar analysis was performed for cardiovascular deaths. Contrary to the infection-related deaths, lower fT4 levels were not significantly associated with cardiovascular deaths in a Kaplan-Meyer analysis (P50.11) (Figure 2 (Table 3) .
ROC curve analysis for predicting all-cause mortality showed that sensitivity and specificity of a cutoff fT4 of 1.1 ng/mL were 67.7% and 51.0%, respectively. A cutoff fT4 level of 1.1 ng/mL had a higher sensitivity and similar specificity of 83.3% and 50.2%, respectively, for predicting infection-related mortality than for all-cause mortality. The areas under the curves of fT4 for predicting all-cause and infection-related mortalities were 0.602 and 0.681, respectively, demonstrating that fT4 level could be considered as a fair predictor of infection-related mortality [11] (Figure 3) . , and TSH (C). In a Kaplan-Meier analysis, lower fT4 levels were associated with death (P50.02), but neither T3 nor TSH levels were associated with death (P50.15 and P50.39, respectively). fT4, free thyroxine; T3, triiodothyronine; TSH, thyroid-stimulating hormone.
doi:10.1371/journal.pone.0112760.g001 Figure 2 . Kaplan-Meier curves for infection-related (A) and cardiovascular (B) deaths. In a KaplanMeier analysis, lower fT4 levels were also associated with infection-related deaths (P50.02). Contrary to the infection-related deaths, lower fT4 levels were not significantly associated with cardiovascular deaths in a Kaplan-Meier analysis (P50.11). fT4, free thyroxine. fT4 level annual variation and its association with mortality
Thyroid hormone levels were assessed again after 12 months in all patients. Individuals with both values (baseline and 12-month follow-up) within the higher median of distribution were considered the persistently high group; those with both values within the lower median of distribution were considered the persistently low group. General characteristics are depicted across two different fT4 level variation groups, and no major differences are observed between these Figure 3 . ROC curve for fT4 levels. The areas under the curve of fT4 for predicting all-cause and infectionrelated mortalities were 0.602 and 0.681, respectively. A cutoff fT4 level of 1.1 ng/mL had a sensitivity and specificity of 67.7% and 51.0%, respectively, for predicting all-cause mortality. A cutoff fT4 level of 1.1 ng/mL had a higher sensitivity and similar specificity of 83.3% and 50.2%, respectively, for predicting infection-related mortality than for all-cause mortality. fT4, free thyroxine; ROC, receiver operating characteristic.
doi:10.1371/journal.pone.0112760.g003 Free Thyroxine Level and Mortality in PD groups (Table S1 ). There were also no significant differences in the baseline and 12-month follow-up levels of T3 and TSH between the two groups (Table S1) . Patients with persistently lower fT4 levels had significantly higher all-cause mortality than those with persistently higher levels after adjusting for confounders (adjusted HR, 3.30 [95% CI 1.15-9.41], P50.03). Persistently lower fT4 levels showed, albeit not significantly, a trend for increased infection-related mortality (Table 4) .
Discussion
This multicenter prospective cohort study shows the association of low fT4 levels with higher mortality rates in maintenance PD patients. Longitudinal low fT4 levels as well as baseline low fT4 levels are significant independent risk factors for mortality in PD patients. In addition, we demonstrated that baseline low fT4 level was an independent predictor of infection-related mortality. To the best of our knowledge, this is the first study to report that baseline and annual variation of fT4 levels are related with mortality in PD patients.
The most common alteration in thyroid hormone level in a dialysis population is low T3 level regardless of serum TSH levels. Advanced stage of chronic kidney disease (CKD) showed a high prevalence of low T3 level, with as many as 78.6% among the participants having estimated glomerular filtration rates (GFR) ,15 mL/min/1.73 m 2 [2] . The patients with low T3 levels were associated with an inflammatory state [8, 12] , endothelial dysfunction [13] [14] [15] , atherosclerotic tendency [13] , and ventricular dysfunction [16, 17] . Several studies have reported the association of low T3 levels and subclinical hypothyroidism with mortality in CKD patients, suggesting that a low T3 level was a consistent predictor of all-cause and cardiovascular death in predialysis CKD [18] , HD [5, 6] , and PD [8] patients. Subclinical hypothyroidism is another common abnormality in CKD patients. The prevalence of hypothyroidism was reported to increase as the estimated GFR decreased [3] . Subclinical hypothyroidism could induce depression of left ventricular systolic function [19] , alteration in flow-mediated vasodilation [20] , and increased arterial stiffness [21] . Based on the association between hypothyroidism and cardiovascular disease, recent data have indicated that hypothyroidism independently predicted higher mortality rates in ESRD patients [7, 22] .
Although the relationships of T3 and TSH levels with mortality have been reported in dialysis patients, the association of fT4 level and mortality in dialysis patients is controversial. Previous studies reported that there was no significant association between fT4 level and death in predialysis [18] and HD [5] patients. However, a recent study with 210 HD patients revealed that low T4 levels were associated with higher mortality rates caused by cardiovascular disease [6] . Longitudinal low T4 levels also showed an increased risk of all-cause mortality and that the association was not altered after adjustment for T3 level and other confounders. Little is known about the impact of fT4 level on mortality in PD patients. One study of 41 PD patients showed no significant difference in fT4 level between survivors and nonsurvivors [8] , but this small study was underpowered to assess the independent association of fT4 level and mortality using multivariate analysis. Another single-center study that enrolled 278 PD patients also did not find a significant relationship between time-dependent fT4 levels and cardiovascular mortality. The retrospective study design and enrollment period of.30 years may have reduced the statistical power in that study [23] .
The current study analyzed the impact of fT4 level on mortality in maintenance PD patients and showed that low fT4 level independently predicted increased risk of mortality. We enrolled a moderate number of patients from a multicenter cohort and prospectively followed patient survival. Contrary to the previous studies with ESRD patients, T3 and TSH levels were not associated with mortality in our study. Considering that the other studies mainly targeted HD patients [5-7, 22, 24] , the difference might be related to modality effect of the thyroid function test. Frequent heparinization in HD patients interfered with the fT3 assay [25] and transiently elevated fT4 levels [26] . In PD patients, peritoneal losses of thyroidbinding globulin could affect T3 and TSH levels [27] . In addition, the iodine used as a disinfectant in the PD cap has been reported to suppress thyroid hormone synthesis [28] . Because dialysis could affect thyroid function test results, clinical predictability of each thyroid hormone might be different according to dialysis modality. Given that fT4 of PD patients-rather than T3 and TSH levels-was associated with mortality in our study, fT4 level could be a more sensitive marker to predict mortality in PD patients than other thyroid hormones.
Previous studies mostly focused on the effect of abnormal thyroid function on cardiovascular outcomes [6, 18, 22, 23] . Cardiovascular disease was reported to be a leading cause of death in the ESRD patients from other cohorts [29, 30] . In contrast, a Korean ESRD cohort was distinguished from other cohorts in that the prevalence of cardiovascular disease was relatively lower and infections were the most common cause of death [31] . In the general population, subclinical thyroid patients with high cardiovascular risk were associated with a higher mortality risk [32] [33] [34] , whereas patients with an average cardiovascular risk did not show such a relationship [35, 36] . Given the discrepant impact of thyroid disease on mortality, the slight association of abnormal thyroid function and cardiovascular mortality might be explainable in our patients who had a relatively lower risk of cardiovascular disease.
Another notable aspect of this study is that lower fT4 level was a highly significant predictor of infection-related mortality in PD patients. Baseline low fT4 levels were associated with all-cause and infection-related mortality but not with cardiovascular mortality. Patients with persistently low fT4 levels showed significantly increased all-cause mortality and trend for increased infection-related mortality. This means that the association of fT4 level with all-cause mortality was attributable to infection-related mortality. The underlying pathogenesis for the association of low T4 level with all-cause and infection-related mortality is unknown. Alteration in thyroid hormone levels occurs in patients with systemic nonthyroidal disease who appear clinically euthyroid [37] . Serum T4 concentra-tion may also be decreased in patients with severe illnesses [38] . In experimental modes, there was a transient drop in circulating T4 levels after systemic exposure to natural or synthetic antigens [39] [40] [41] . In addition, T4 and T3 levels have been reported to have a differential effect on immune cells: T4 stimulated peripheral lymphocyte proliferation, whereas T3 inhibited the immune cell proliferation [42] . We were unable to differentiate whether low T4 level was a representation of the underlying condition or a risk factor modulating the immune system. Nevertheless, our findings suggest that the resulting low T4 level, whatever the causality, persisted in a considerable number of patients because the majority (75.9%) of patients with low fT4 level remained in the low fT4 level group at the annual follow-up, which in turn could affect patient mortality. To determine the pathophysiologic mechanisms of low T4 level, further studies are warranted that would evaluate several cytokines, including tumor necrosis factor-a and interleukin-lb, which play several important roles in modulating the immunethyroid system in vitro and in vivo [43] [44] [45] .
Our study has some limitations. First, the duration of follow-up in this cohort study is relatively short. Additional extensive studies with longer duration of follow-up are required to confirm the association between fT4 level and mortality. Second, we could not demonstrate the effect of thyroid hormone replacement in PD patients with lower fT4 level. Intervention studies are needed to determine whether thyroid hormone supplementation improves the survival of PD patients with lower fT4 level. Third, we could not explain the causality between lower fT4 level and mortality. To determine the causality, further studies evaluating immune-thyroid system are needed.
In conclusion, fT4 levels are an independent predictor of mortality that are especially attributable to infection in PD patients. This was consistent when considering both baseline measurements and annual variation patterns. Close attention to infection in PD patients with relatively lower fT4 levels should be considered. Table S1 . General characteristics according to fT4 level annual variation. doi:10.1371/journal.pone.0112760.s001 (DOCX) at Pusan National University Hospital; Kim S.E. at Dong-a University Medical
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